Introduction
Naturally occurring, thymus derived, CD4 + CD25 hi FOXP3 + T regulatory cells (Tregs) play a critical role in shaping many types of immune responses. They maintain peripheral tolerance to self-antigens, thereby controlling autoimmune diseases and limiting immune responses to foreign antigens such as pathogens and transplanted organs. In this respect, defective numbers or functions of Tregs have been associated with the pathogenesis of autoimmune diseases. 1 In addition to their physiological role in vivo, it has emerged from experimental models that adoptive transfer of Tregs can ameliorate autoimmune disease, graft-versus-host disease (GvHD) and also prevent solid organ transplant rejection. 2 These findings suggest that clinical therapy with human Tregs for the treatment of autoimmune diseases or for the induction of transplantation tolerance represents a promising strategy. Indeed, clinical trials using Tregs are already underway to prevent or treat GvHD. [3] [4] [5] The majority of clinical trials published to date have utilized fresh, immunomagnetic bead-isolated Tregs derived from either cord or adult blood since clinical grade cell sorting facilities are not widely available. Good Manufacturing Practice procedures for CD4 + CD25
+ T-cell enrichment yield Treg preparations with a purity that is lower than 70%. 6 In addition, the requirement to expand Tregs in vitro to achieve the number required for a therapeutic benefit further compromise the purity of Tregs at the end of the culture. Therefore, one of the major goals in Treg therapy is to maintain the purity and suppressive ability of Treg preparation after in vitro expansion and the requirement to limit the potential of expansion of cells that have the potential to produce pro-inflammatory cytokines, such as IL-17, particularly when Tregs are exposed to an inflammatory environment in vivo. Although both these limitations may be in part due to the presence of 'contaminating' effector T cells within bead-separated Treg preparations, the capacity for conversion of human Tregs into IL-17-producing cells has been well demonstrated. 7, 8 The application of tolerance permissive drugs to enhance Treg expansion in vitro has been investigated in recent years. Rapamycin (RAPA), an mTOR kinase inhibitor, is an immunosuppressive drug that inhibits effector T-cell proliferation, migration and cytokine produc- + regulatory T cells is a successful therapy for autoimmune diseases and transplant rejection in experimental models. In man, equivalent manipulations in bone marrow transplant recipients appear safe, but questions regarding the stability of the transferred regulatory T cells during inflammation remain unresolved. In this study, protocols for the expansion of clinically useful numbers of functionally suppressive and stable human regulatory T cells were investigated. Regulatory T cells were expanded in vitro with rapamycin and/or all-trans retinoic acid and then characterized under inflammatory conditions in vitro and in vivo in a humanized mouse model of graft-versus-host disease. Addition of rapamycin to regulatory T-cell cultures confirms the generation of high numbers of suppressive regulatory T cells. Their stability was demonstrated in vitro and substantiated in vivo. In contrast, all-trans retinoic acid treatment generates regulatory T cells that retain the capacity to secrete IL-17. However, combined use of rapamycin and all-trans retinoic acid abolishes IL-17 production and confers a specific chemokine receptor homing profile upon regulatory T cells. The use of purified regulatory T-cell subpopulations provided direct evidence that rapamycin can confer an early selective advantage to CD45RA + regulatory T cells, while all-trans retinoic acid favors CD45RA -regulatory T-cell subset. Expansion of regulatory T cells using rapamycin and all-trans retinoic acid drug combinations provides a new and refined approach for large-scale generation of functionally potent and phenotypically stable human regulatory T cells, rendering them safe for clinical use in settings associated with inflammation. 
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FOXP3
+ T cells isolated from healthy donors and patients with diabetes. 10, 11 Likewise, all-trans retinoic acid (ATRA), a vitamin A metabolite, in combination with TGF-β, promotes differentiation of naive human and murine T cells into Tregs [12] [13] [14] and more recently has been shown to increase in vitro Treg function. 15 Selective retinoic acid receptor alpha (RARα) gene deletion in animal models results in significant loss of FOXP3 expression in Tregs, suggesting that ATRA may act to stabilize FOXP3 expression. 16 As such, ATRA could represent a potential tool in combination with RAPA for ex vivo expansion of highly suppressive Tregs. 17 However, as ATRA has been shown to play an important role in Thelper cell fate decisions, by inducing both effector T-cell (Teff) activation and differentiation to Th1 and Th 17, 18 its use for Treg expansion warrants further investigation.
To help formulate an optimal protocol for the expansion of bead-separated Tregs for clinical use, and to gain more insight into the effects of RAPA and ATRA on Tregs, these drugs were tested for their adjunctive effect on the expansion of human CD4 
CD45RA
-(P3) were identified and studied. 19 In characterizing these subpopulations, the authors showed that while P1 had a stable phenotype, P3 had the potential to release pro-inflammatory cytokines. Our results clearly and directly demonstrated that the two drugs studied act by selecting and maintaining distinct subsets of Tregs during the in vitro expansion. 
Design and Methods
Cell isolation and separation
CD45RA
-T cells on a 3-laser FACS-Aria high-speed cell sorter (BD Biosciences).
Expansion of Treg lines
Healthy human Tregs were plated at 1x10 6 /mL in X-Vivo 15 (Lonza, Switzerland) supplemented with 5% human AB serum (HS) (Biosera, UK), containing RAPA (LC-Laboratories, USA) and/or ATRA (Sigma-Aldrich, USA). RAPA (100nM) was used according to previous reports. 10, 20 Different doses of ATRA (0.002-2 μM) were investigated and 2 μM chosen for in vitro Treg expansion because of its strong biological effect on Treg phenotype. Cells were activated with anti-CD3 and anti-CD28 coated beads (Invitrogen, UK) at a bead:cell ratio of 1:1. IL-2 (1000 IU/mL, Proleukin-Novartis, UK) was added at Day 2 post-activation and replenished every two days. Beads were removed by magnetic adherence every seven days post-activation and fresh anti-CD3/CD28 beads (1:1 ratio), RAPA, ATRA and IL-2 (1000 IU/mL) were added. Expanded cells were used for further analysis 28 days post-activation.
Statistical analysis
Statistical analysis was carried out using GraphPad Prism software (GraphPad Software Inc., USA). Parametric and non-parametric data were calculated as the mean±s.d. and median (interquartile range, IQR), respectively. For comparison of parametric and non-parametric data, t-test, one-or two-way ANOVA with Bonferroni's test comparison and Kruskal-Wallis test were used where appropriate.
Results
Highly suppressive Tregs are expanded in the presence of RAPA and/or ATRA
The clinical application of Tregs requires elevated numbers of highly suppressive and stable Tregs. Therefore, the effects and mechanisms of action of RAPA and ATRA on the expansion rate of human bead-enriched Tregs were further analyzed and compared. Immunomagnetic beadseparated Tregs, with a purity of more than 90% for FOXP3-positivity on isolation were cultured with anti-CD3/CD28 and IL-2, in the absence (untreated) or presence of RAPA (100nM), ATRA (2μM) or a combination of both drugs (RAPA+ATRA) ( Figure 1A ). Tregs were harvested weekly for up to 28 days and the co-expression of CD25 and FOXP3 molecules was evaluated ( Figure 1A ) together with the total cell number measured ( Figure 1B and C). Analysis of the population doublings demonstrated that the presence of RAPA affected the expansion rate of Tregs during the first round of stimulation, as previously described by other authors 6 ( Figure 1B) . However, the differences in the expansion rates between the Treg preparations decreased after the initial time of culture and similar Treg numbers were achieved at the second and third re-stimulation ( Figure 1B ). In addition, the same analysis demonstrated that the mean expansion after 28 days of culture for 10 different Treg lines was comparable between different culture conditions, although some variability was observed between Treg preparations derived from different donors ( Figure 1C showed that no significant differences were detected in the percentage of Tregs expressing CD25 and FOXP3 molecules between the different cell lines at Day 28 ( Figure  1A ) or at any other time point analyzed (data not shown).
However, similar to the findings of Golovina et al., 17 the mean fluorescent intensity (MFI) of CD25 expression was highest following exposure of Tregs to RAPA alone or in combination with ATRA. No significant differences were detected in FOXP3 MFI ( Figure 1D ).
To compare the regulatory function of each Treg preparation, expanded Treg lines (after 4 restimulations, Day 28) were co-cultured with CFSE-labeled effector T cells (Teff) at different Teff:Treg ratios and examined for their ability to suppress a polyclonal stimulus ( Figure 1E ). RAPA-and RAPA+ATRA-treated Tregs had the greatest suppressive activity on Teff proliferation, followed by ATRA-conditioned Tregs, while untreated Treg cultures had a significantly reduced suppressive ability in comparison ( Figure 1E ). On adoptive transfer of ex vivo expanded Tregs, it is possible that Tregs may revert to an 'untreated' Treg phenotype in the prolonged absence of the conditioning drug used for expansion. Therefore, the suppressive ability of Tregs was re-evaluated after two weeks of drug withdrawal from cell cultures. Treg suppressive functions were maintained by each Treg line tested (Online Supplementary Figure S1 ).
Rapamycin and ATRA influence Treg subset expansion haematologica | 2013; 98(8) 
RAPA and ATRA treatments confer distinct phenotypic and homing signatures on Tregs
Tregs have been shown to be heterogeneous in the expression of surface molecules. Some of these molecules have been shown to influence their function and migratory ability. 21 To analyze phenotypic signatures conferred by RAPA and ATRA on Tregs, the surface expression of several molecules by Tregs was evaluated after 28 days of culture (Online Supplementary Figure S2A) . All Treg preparations maintained a high percentage of cells expressing CTLA-4, GITR, ICOS and CD39 molecules, with low expression of CD127 (Online Supplementary Figure S2A ). In addition, high percentages of Tregs co-expressing CD62L and CD27 molecules was observed in RAPA-and RAPA+ATRA-treated Treg preparations, while the same markers were expressed in a minority of untreated or ATRA-treated Tregs (Online Supplementary Figure S2B) . It is worthy of note that the co-expression of these two molecules by Tregs has been previously associated with high suppressive ability both in vitro and in vivo. 2, 8, 22, 23 Finally, to further investigate the effects of different drug treatments on the phenotype of Tregs, we evaluated the expression of HLA-DR (Online Supplementary Figure S2C) , previously shown to characterize a mature, functionally distinct subpopulation of Tregs with the highest expression of FOXP3 24 (Online Supplementary Figure S2C) . A significant difference in the percentage of HLA-DR + Tregs was observed between untreated and RAPA-treated cells compared to ATRA-treated Tregs (Online Supplementary Figure  S2C ). This evidence suggests that ATRA treatment favors the expansion of a subset of Tregs HLA-DR -. Interestingly, the treatments with the two drugs induced expression of very different homing receptors, and this evidence has important relevance for the use of these two drugs in the treatment of diseases with very well defined target organs. After 28 days of culture, RAPA-treatment induced co-expression of skin homing receptor CCR4 and CLA, whereas ATRA-treatment resulted in high percentages of cells co-expressing liver and gut homing receptors CCR9 and α4β7 integrin (Online Supplementary Figure  S2D) . Finally, Tregs treated with both drugs showed the combined homing characteristic features of Tregs stimulated by each drug (Online Supplementary Figure S2D ).
While RAPA treatment inhibits, ATRA maintains inflammatory cytokine production by Tregs
One of the major concerns in Treg therapy is the plasticity of Tregs, as several studies have recently suggested that Tregs can convert to cells producing inflammatory cytokines. 25 To evaluate the stability of bead-purified Tregs expanded in the presence of drugs, IL-17 and IFN-γ production was measured by ELISA following RAPA-and/or ATRA-treatment. Analysis of supernatants from 28-day expanded Treg lines ( Figure 2A ) demonstrated that there was no significant difference in IL-17 and IFN-γ production between untreated and ATRA-treated cells. In contrast, the presence of RAPA strongly reduced IL-17 and IFN-γ production (Figure 2A ). To better characterize the nature of IL-17-producing Tregs, the expression of CD161 was analyzed. This has previously been shown to correlate with the ability of T cells to produce IL-17, as well as being described as a marker for precursors of IL-17-producing T cells. 26, 27 The results obtained demonstrated that while the addition of ATRA to Treg cultures favored expansion of FOXP3 + CD161 + Treg, RAPA significantly suppressed proliferation of this subset ( Figure 2B) . Surprisingly, when both drugs were used in combination, the percentage of CD161 + Tregs was similar to cultures treated with ATRA alone, despite the reduction in IL-17 production, demonstrating that IL-17 release and CD161 expression may not be strictly correlated.
Treatment of Tregs with RAPA inhibits their conversion to IL-17-producing cells in the presence of pro-inflammatory cytokines both in vitro and in vivo
One of the major risks for Treg therapy is that Tregs may acquire effector functions and lose their suppressive ability during inflammatory responses in vivo. To address this concern, Treg lines were cultured in the presence of pro-inflammatory cytokines previously reported to favor Th17 conversion. 8, 28 Two cytokine cocktails were selected: cocktail A (IL-1β, IL-2, IL-6 and TGF-β) and cocktail B (IL-2, IL-21, IL-23 and TGF-β). Analysis of supernatants from freshly isolated or 28-day untreated Tregs revealed that IL-17 production was increased by the addition of each cytokine cocktail. In contrast, the presence of RAPA in culture completely inhibited IL-17 production. ATRA-treatment in combination with pro-inflammatory cytokines and, in particular, of cocktail B significantly increased the production of IL-17 by Tregs ( Figure 2C ).
To extend these in vitro observations to a more relevant in vivo analysis, the plasticity of drug-conditioned Tregs was tested for the first time in a humanized mouse model during Xeno-GvHD 29 using NSG mice reconstituted with human HLA-A2-PBMC. HLA-A2+ 28-day Tregs (untreated, RAPA-, ATRA-and RAPA+ATRA-treated) were adoptively transferred into animals with active Xeno-GvHD disease. After 48 h, splenocytes were recovered and HLA-A2 + Tregs analyzed ( Figure 3A and Online Supplementary Figure S3 ). Intracellular staining was performed to evaluate the expression of human IL-17 and IFN-γ cytokines. As shown in Figure 3B , in vitro pre-treatment with RAPA or RAPA+ATRA completely prevented IL-17 and IFN-γ production in vivo while untreated and ATRA-treated Tregs produced both cytokines. The same Treg lines used for the injections were tested in vitro by intracellular staining ( Figure 3D ), with parallel findings ( Figure 3C and E, respectively). Altogether these results demonstrated that the conditioning of Tregs with RAPA leads to the inhibition of IL-17 and IFN-γ production by Tregs both in vitro and in vivo in the presence of intense inflammatory conditions.
RAPA favors naïve Treg subset expansion explaining its capacity to prevent IL-17 conversion
All the data presented so far have been obtained with 'whole' Treg preparations. 
CD45RA
-(P3, memory and plastic). To understand whether the inhibitory effect of RAPA on the production of pro-inflammatory cytokines was due to a selective effect of the drug on the most stable of the subpopulations (P1), cell-sorted Treg subsets were cultured with RAPA and/or ATRA ( Figure 4A ). P2 did not expand at all within any of the in vitro culture conditions (data not shown), while P1 and P3 proliferated in the presence of the different drug treatments ( Figure 4B Figure 4D ). In contrast, ATRA favored the expansion of P3 ( Figure 4D ). To further characterize the influence of the drugs on the two Treg subpopulations, the function and stability of each Treg subset after drug-conditioning were investigated. As previously shown for freshly isolated or in vitro expanded Treg subsets, 19, 30 P1 consistently demonstrated a tendency to have superior suppressive abilities independent of the culture treatment, compared to P3, although statistically significant differences were only observed upon Treg treatment with ATRA (Online Supplementary Figure  S4) . Cytokine analysis revealed that P1 did not produce IL-17 in any of the culture conditions ( Figure 5A ), while the same Treg subset showed some IFN-γ production particularly following treatment with ATRA ( Figure 5B) . The same cytokine analysis showed that untreated and ATRA Tregs derived from P3 produced large amounts of IL-17 that was inhibited only by the addition of RAPA ( Figure  5A ). No significant differences among the other culture conditions of P3 were observed for IFN-γ production ( Figure 5B ). The cytokine profile of the two Treg subsets cultured in the different conditions was confirmed by intracellular staining ( Figure 5C ). The cytokine profile of both subsets correlated very well with the expression of CD161 ( Figure 5D ). Tregs from P3 contained the highest percentage of cells expressing CD161 molecule, which was decreased when P3 was cultured with RAPA ( Figure  5D ). In contrast, P1 showed a lower number of cells expressing CD161, and again RAPA was able to further decrease it.
Discussion
In recent years, there has been an increasing interest in ex vivo expanded human CD4
+ Tregs as a cell therapy for the induction of tolerance. 31 The challenge in translating the therapeutic potential of Tregs is to expand clinically sufficient numbers of Tregs in vitro, which are highly pure, suppressive, and stable, with well defined Treg homing characteristics for in vivo Treg targeting to specific sites in order to optimize therapeutic benefit. In this study, we examined the use of RAPA and/or ATRA as suitable reagents to facilitate the expansion of natural Tregs for immunotherapeutic use from bead-separated populations. Results indicate how these two drugs affect the phenotype, suppressive and expansion properties of Tregs. Our study has focused in particular on Treg plasticity and attempted to identify ex vivo expansion protocols with the capacity to control it. We conclude that RAPA or the combined use of RAPA and ATRA provide an advantage for the expansion of a potent suppressive Treg subset displaying a broad range of homing receptors which, most importantly, sustains functional stability both in vitro and in vivo.
Previous studies have identified RAPA as an ideal treatment to preferentially expand natural Tregs. RAPA has been shown to give a proliferative advantage to Tregs by affecting basic signal pathways such as Akt/mTor, which is not essential for Tregs. 9 Other studies have shown that ATRA is also a suitable treatment for the induction of adaptive Tregs.
14 Indeed, recently ATRA has been described as a treatment to expand human nTregs. 17 The molecular pathway by which ATRA favors the expansion of Tregs is not completely clear, but it is thought to induce chromatin decondensation recruiting histone acetyltransferases and transcription machinery to the FOXP3 promoter. 32, 33 However, due to its multi-faceted effects on gene transcription, ATRA has also been shown to affect Tcell fate by contributing to Th1/Th17 differentiation. 18 We have also identified significant differences between untreated, RAPA-and ATRA-treated Tregs in terms of homing receptor expression. Although others have previously reported that Tregs express multiple homing receptors 34, 35 such as CD62L, 30, 36, 37 CCR4, 34,37,38 CLA 34,37,39 and CCR7, 37, 40 this is the first study in which the expression of homing receptors was evaluated on human Tregs during ex vivo expansion with drug conditioning. The migration of these Treg preparations in vivo is now under investigation.
One of the major concerns in Treg therapy is to prevent the induction and expansion of IL-17-producing cells which could arise from Teffs contaminating the Treg preparations, 41 and/or FOXP3 + Tregs converting to IL-17-producing cells. 8 Our data clearly show that RAPA has an inhibitory effect on the development of IL-17-producing cells, both in vitro and in vivo. This is consistent with previous descriptions in the literature of the inhibitory effect of RAPA on Th17 cells. 29 In contrast, we found that ATRA maintained the expansion of IL-17 and IFN-γ producing FOXP3 + Tregs. The effect of ATRA on Th17 cells has been controversial. Some in vitro studies have shown that retinoic acid induces pro-inflammatory T-cell responses while others demonstrated that ATRA strongly inhibits Th17 polarization in vitro. 12, 13, 42 Furthermore, Hall and coworkers have demonstrated in vivo that in mice fed with a vitamin A deficient diet, robust Th17 and Th1 responses are generated. 18 The general conclusion is that the effect of retinoic acid is very much dependent upon its concentration and the inflammatory environment in which the immune response takes place. 15, 18, 42 In this study, we demonstrate that ATRA expanded Tregs contained a small haematologica | 2013; 98(8) To further interpret the results obtained with drug conditioning of 'whole' Tregs, Treg subsets 19 were cell sorted and cultured with RAPA and/or ATRA. Our results demonstrate that the presence of RAPA provided an initial proliferative advantage to P1, while the same drug had an inhibitory effect on the P3 subset. In contrast, ATRA conditioning favored expansion of cells in P3. This leads to the hypothesis that when the two drugs were used with 'whole' Tregs, RAPA expands P1 to the detriment of P3, while ATRA allows the expansion of cells within the P3 that retain IL-17 secretion capacity. It is interesting to note Rapamycin and ATRA influence Treg subset expansion haematologica | 2013; 98 (8) 1297 These results are very similar to our findings in vitro in which ATRA-treated Tregs, although they produce IL-17, are highly suppressive. These results provide some evidence that the observed level of IL-17-production by Tregs does not influence their capacity to suppress. Tresoldi et al. showed that RAPA-expanded Tregs did not produce IL-17 after injection of Tregs into NSG mice. 28 However the transfer of Tregs was performed in the absence of PBMC injection, relying on the irradiation of the animals to produce in vivo inflammation that we predict would have been mostly composed of murine cytokines. 28 The data presented in our study provide the first direct evidence that RAPA is a key drug in conferring stability on expanded Tregs even when injected in vivo during an inflammatory immune response.
In conclusion, we have identified a clinically applicable protocol for the expansion of human immunomagnetic bead-separated CD4 + CD25 + Tregs. We present here additional data performed in vitro, and in particular in vivo, that describe how these two drugs affect Treg phenotype, function and plasticity during in vitro cell expansion. We demonstrate directly for the first time that one of the ways that RAPA stabilizes Tregs is by selecting and expanding the subpopulation of functional, not plastic naïve Tregs. 19, 30 In contrast, the effect that we observed with ATRA can be explained by the fact that this drug favors the expansion of P3 that contains cells that retain the capacity to produce IL-17. Although our findings further emphasize that Treg therapy with bead-separated Tregs requires RAPA for the expansion of functional and stable Tregs, the selection of an additional drug, such as ATRA, can be based on the type of organ or tissue targeted. We suggest that the combination of ATRA and RAPA may be an ideal culture condition to expand Tregs for their use in the induction of tolerance in inflammatory bowel disease (IBD). 
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